In this work we present the preparation of conductive polyethylene/carbon nanotube composites based on the segregated network concept. Attention has been focused on the effect of decreasing the amount of filler necessary to achieve low resistivity. Using high-and low-grade single-walled carbon nanotube materials we obtained conductive composites with a low percolation threshold of 0.5 wt.% for high-grade nanotubes, about 1 wt% for commercial nanotubes and 1.5 wt% for low-grade material. The higher percolation threshold for low-grade material is related to low effectiveness of other carbon fractions in the network formation. The electrical conductivity was measured as a function of the single-walled carbon nanotubes content in the polymer matrix and as a function of temperature. It was also found that processing parameters significantly influenced the electrical conductivity of the composites. Raman spectroscopy was applied to study single wall nanotubes in the conductive composites.
Introduction
Since their discovery in 1991 [1] , single-and multi-walled nanotubes of carbon have been extensively investigated [2, 3] . Theoretical and experimental studies on carbon nanotubes (CNTs) have revealed some interesting electrical characteristics such as a metallic or semiconducting behaviour and exceptional mechanical properties [4, 5] . Another important features of CNTs are the very high aspect ratio (5000-50000) and the high specific surface area (1315 m2/g for single-walled CNTs [6] ). Thus CNTs could advantageously be used as substitutes %r other components in composites, as rein%rcing elements and to provide electrical conductivity to otherwise insulating materials.
In this paper, we report on the preparation of conductive polyethylene/carbon nanotube composites based on the segregated network concept. The conductive material is not uni%rmly distributed in the microscale but it is retained at the interface between grains of the insulating phase %rming a conductive network within the polymer matrix [7, 8] . Carbon nanotubes seem particularly suitable as the conductive component in this method, because of their small thickness and high aspect ratio, and there%re it is possible to prepare conductive material having a very low CNT content. At low filler content the interpenetration of polymer chains between granules is also more effective and thus mechanical properties of the composite are good.
Experimental
The polymer used in this work was an ultra-high molecular weight polyethylene (UHMWPE) powder GUR 4150, used as received from Hoechst Celanese. The physical characteristics of the UHMWPE powder are described in [8] . The single-walled carbon nanotubes (SWCNTs) were purchased from Aldrich (diameter of SWCNTs: 12-15 A, purity of sample: 50-70 vol~, as determined by Raman Spectroscopy and scanning electron microscopy (SEM), or produced by arc method in He atmosphere using a Ni/Y catalyst. In the latter case the carbon-nanotube containing materials were collected from the surroundings of the cathode (high-grade) and from the chimney (low-grade). The high-grade material consists in majority of SWCNTs and the low-grade material contains significant amounts of amorphous carbon. Figure 1 shows SEM micrographs of SWCNTs produced by arc method (a) and purchased from Aldrich (b).
The conductive composites were prepared by covering the microgranules of ultra-high molecular weight polyethylene with nanotube powder by dry mixing in a mortar and then sintering in a mould (cavity diameter 1 cm) above the PE melting point at 5 MPa. Figure 2 shows a SEM micrograph of UHMWPE powders (a) and optical transition micrograph of a thin slice of a composite sample (b). The electrical properties were measured using a Keithley 195A digital multimeter. Resistivities of conductive samples (above the percolation threshold) were measured using the %ur-probe method, which eliminates errors resulting from contact resistances. The sample size was 9 mm x 3 mm x 1 ram. The sample surface was polished with sandpaper and then thin wire electrodes were attached using a silver paint. For low conducting samples conductivity was measured in the planar configuration using evaporated metal electrodes (0.5 cm2).
The morphology of the SWCNTs, UHMWPE and U H M W P E / S W C N T s composites was studied using scanning electron microscopy (SEM) (JEOL JSM-500). Raman spectra of SWCNTs were recorded in air, using Micro-Raman Spectrometer (Yobin-Yvon T64000). 
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R e s u l t s a n d D i s c u s s i o n
Figure 2 (b) shows an optical micrograph of a thin section of a composite sample. One can also see that after sintering most of the nanotubes are located in the interracial regions between the UHMWPE particles (segregated networks). Because of their length and high viscosity of UHMWPE the nanotubes are not randomly dispersed in the polymer matrix and eflbctively %rm conductive paths. The electrical resistivity of UHMWPE/SWCNTs composites as a function of SWCNTs content is depicted in Figure 3 . It can be seen that the resistivity decreases dramatically when the SWCNTs content attains about 0.5 wt% for high-grade nanotubes, about 1 wt% for commercial nanotubes and 1.5 wt% for low-grade material. These results show that this technique can be used to prepare conductive polymer composites with CNTs having a very low percolation threshold. Conductivity differences above the percolation threshold are most probably caused by diflbrential dispersion of the starting material, particularly by partial disentangling of the nanotubes during dry mixing and sintering. Figure 4 shows the resistivity of the UHMWPE and SWCNTs as a function of temperature. It can be seen that above the melting point of PE the temperature dependence of conductivity shows the efibct of positive temperature coefficient (PTC). However, it is less pronounced and the change is not so abrupt as in the systems based on e.g. carbon black [9, 10] . Slightly diflbrent temperature dependence %r the investigated composites is probably due to diflbrences in conducting network connectivity and dependent upon the CNT material used.
It is known that the processing temperature is one of the most important parameters and it can significantly influence the electrical resistivity of the composites [11] . However, it should be stressed that %r different composites, the effect of processing temperature on their electrical resistivity can be different. Figure 5 displays a plot of the resistivity of the UHMWPE/SWCNTs composites containing 2 wt%.
In the studies of UHMWPE/SWCNTs composites, an increase in the processing temperature results in 
The Raman spectra of the composites are dominated by the spectrum of PE in the bulk of the polymer grains and by the spectrum of the nanotubes in the intergrain boundary regions which confirms that the nanotubes are located at the interface and are not dispersed in the polymer matrix. Practically undistinguishable spectra are obtained from nanotube powder and from the intergrain regions in the composite.
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Fig . 6 Raman spectra of as-prepared SWCNTs. (a) high-frequency Raman spectrum; (b) lowfrequency RBM spectrum for 514,5 nm laser line.
Typical spectra for SWCNTs are shown in Figure 6 . One can see the low-frequency radial breathing mode (RBM) and the sharp G-band mode of high-frequency. Figure  5 (a) shows that the relative intensity of the peaks at about 1336 cm -1 (for low grade SWCNTs) and at 1339 cm -1 (for commercial nanotubes), identified as D-band mode, is much weaker than that of the peak at about 1580 cm -1 (low-grade material) and 1583 cm -1 (commercial nanotubes), identified as the tangential stretch G-band modes (the width of the G-band is related to the CNTs size distribution, whereas the intensity of the D-band decreases with the degree of graphitisation of the nanotube material. Figure  6 (b) shows the details of the low-frequency RBM spectrum. The low-frequency band representing a fully symmetric A1 mode (RBM) appears to be characteristic of closed shell carbon compounds and occurs at relatively low frequencies. The frequency of the A1 RBM is very sensitive to the tube diameter [12] . As far as isolated tubes are concerned, the RMB frequency follows a linear dependence on the inverse of the diameter. On the other hand it is well established that in most SWCNTs samples, the nanotubes selfassemble into bundles [13] . Because of its radial character, the RBM is likely to be much influenced by the nanotubes environment. No significant difference between the spectra of the nanotubes prior to blending with PE and in the composite suggest that packing of the individual nanotubes into bundles is generally preserved in the composite while few nanotubes are surrounded by the polymer.
Conclusions
Conductive polymer composites can be prepared by sintering a mixture of UHMWPE powders and SWCNTs. Formation of the segregated structure is due to the fact that during the processing of the composites, the viscosity of the UHMWPE particles is so high that the CNTs cannot diffuse inside the UHMWPE particles but are localized in the interfacial regions between the polymer domains. Our results indicate that the composites show a very low percolation threshold (down to 0.5 wt.%), which probably can be further decreased by improving the dispersion of the nanotubes. Electrical properties depend on the kind of nanotubes and processing parameters. The temperature dependence of the electrical resistivity of the composites shows a weak PTC effect. Raman spectra of the composites confirm the segregated network morphology and suggest that bundles of nanotubes are not disentangled during the composite preparation process.
